Manipulating expression of large genes (>6 kb) in adult cardiomyocytes is challenging because these cells are only efficiently transduced by viral vectors with a 4-7 kb packaging capacity. This limitation impedes understanding structure-function mechanisms of important proteins in heart. L-type calcium channels (LTCCs) regulate diverse facets of cardiac physiology including excitation-contraction coupling, excitability, and gene expression. Many important questions about how LTCCs mediate such multidimensional signaling are best resolved by manipulating expression of the 6.6 kb pore-forming α 1C -subunit in adult cardiomyocytes. Here, we use split-intein-mediated protein transsplicing to reconstitute LTCC α 1C -subunit from two distinct halves, overcoming the difficulty of expressing full-length α 1C in cardiomyocytes. Split-inteintagged α 1C fragments encoding dihydropyridine-resistant channels were incorporated into adenovirus and reconstituted in cardiomyocytes. Similar to endogenous LTCCs, recombinant channels targeted to dyads, triggered Ca 2+ transients, associated with caveolin-3, and supported β-adrenergic regulation of excitation-contraction coupling. This approach lowers a longstanding technical hurdle to manipulating large proteins in cardiomyocytes.
Manipulating expression of large genes (>6 kb) in adult cardiomyocytes is challenging because these cells are only efficiently transduced by viral vectors with a 4-7 kb packaging capacity. This limitation impedes understanding structure-function mechanisms of important proteins in heart. L-type calcium channels (LTCCs) regulate diverse facets of cardiac physiology including excitation-contraction coupling, excitability, and gene expression. Many important questions about how LTCCs mediate such multidimensional signaling are best resolved by manipulating expression of the 6.6 kb pore-forming α 1C -subunit in adult cardiomyocytes. Here, we use split-intein-mediated protein transsplicing to reconstitute LTCC α 1C -subunit from two distinct halves, overcoming the difficulty of expressing full-length α 1C in cardiomyocytes. Split-inteintagged α 1C fragments encoding dihydropyridine-resistant channels were incorporated into adenovirus and reconstituted in cardiomyocytes. Similar to endogenous LTCCs, recombinant channels targeted to dyads, triggered Ca 2+ transients, associated with caveolin-3, and supported β-adrenergic regulation of excitation-contraction coupling. This approach lowers a longstanding technical hurdle to manipulating large proteins in cardiomyocytes.
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A dult ventricular cardiomyocytes have a unique cytoarchitecture and intracellular milieu (including transverse tubules, dyadic junctions, and ryanodine receptors) that is not replicated in many other cell types (1) . Consequently, many fundamental questions regarding structure-function mechanisms of cardiac signaling proteins can only be pursued in the context of native cardiomyocytes. Knock-in mouse models are unarguably the gold standard for structure-function studies of signaling proteins in heart. However, the high cost (∼$50,000) and length of time (up to 2 y) required to generate a single knock-in mouse makes it impractical to routinely use this model system for investigative studies of structure-function mechanisms in heart cells. Directly manipulating expression of target proteins in adult cardiomyocytes is an important tool for structure-function studies in heart (2) . However, this approach is challenging because (i) adult cardiomyocytes are refractory to transfection using conventional methods and (ii) they can only be maintained in culture for short periods (3-4 d) before they dedifferentiate (2) . Fortunately, adult cardiomyocytes are efficiently transduced by viral vectors. A major technical hurdle is that commonly used viral vectors have a packaging capacity of 4−7 kb (2, 3) .
Studies of the cardiac L-type calcium channel (LTCC) illustrate these challenges. In heart, LTCCs mediate excitationcontraction (EC) coupling, control excitability, and regulate gene expression (1, 4) . In ventricular myocytes, the majority of LTCCs are targeted to transverse tubules where they are closely apposed to intracellular Ca 2+ release channels, ryanodine receptors (RyR2), at dyadic junctions (4, 5) (Fig. 1A) . This spatial arrangement is critical for the high gain of Ca 2+ -induced Ca 2+ release (CICR) that underlies cardiac EC coupling (6) . A subset of cardiac LTCCs are found located in caveolae (7) , and are hypothesized to selectively signal through local effectors to the nucleus (8, 9) (Fig. 1A) . Cardiac LTCC currents are increased several-fold by protein kinase A (PKA), which is activated via β-adrenergic signaling (10) . The molecular mechanisms and determinants underlying LTCC targeting to dyads and caveolae and modulation by PKA are either unknown or ambiguous. Reconstituting LTCCs in heterologous cells to address such questions has proven inadequate because these cells are deficient in essential structural elements such as transverse (t) tubules (Fig. 1B) , and also lack a permissive environment for PKA modulation (11, 12) . Moreover, because resolving these structurefunction questions will likely require many different constructs, it is impractical to use knock-in mice for such investigative purposes. Hence, directly manipulating LTCCs in isolated adult ventricular myocytes is critical for addressing these questions. Cardiac LTCCs are multisubunit proteins containing a poreforming α 1C assembled with auxiliary β and α 2 δ subunits, and calmodulin (13) (Fig. 1C) . The 6.6 kb size of α 1C is at the packaging capacity of commonly used viral vectors, making it difficult to generate viral vectors incorporating full-length α 1C . This deficiency has been a major roadblock to progress in determining structure-function mechanisms of cardiac LTCCs.
To overcome the obstacle of routinely expressing LTCC α 1C and other large proteins in adult cardiomyocytes, we developed an approach that relies on split-intein-mediated protein transsplicing. Inteins are naturally occurring protein-splicing elements found in archaeal, eubacterial, and eukaryotic genes (14) . When attached to two different polypeptides (termed "exteins"), transacting split inteins can rapidly associate to form an active intein that uses a self-catalytic reaction to splice the two exteins together with a peptide bond while excising itself out of the resulting protein sequence (15, 16) . We used the split DnaE intein from the cyanobacterium Nostoc punctiforme (17, 18) to reconstitute fulllength α 1C in situ from two separate halves. The split-intein-tagged α 1C fragments readily incorporated into adenovirus and reconstituted dihydropyridine (DHP)-resistant channels in cardiomyocytes. Similar to endogenous LTCCs, intein-spliced α 1C subunits targeted to dyads, triggered Ca 2+ transients, associated with caveolin-3, and supported PKA regulation of EC coupling.
Significance
Manipulating expression of proteins directly in isolated heart cells is an important method to study cardiac biology and disease. However, this approach is challenging for large genes (>6 kb) because these exceed the packaging capacity of commonly used viral vectors used to deliver genes into heart cells. Here, we used a split-intein-mediated protein transsplicing strategy to reconstitute the large pore-forming subunit of L-type calcium channels from two separate fragments in heart cells. This approach provides a general method to express different large proteins in heart cells and will help advance new insights into basic mechanisms underlying cardiac function and disease.
Results
Design and Functional Properties of Split-Intein-Spliced α 1C Reconstituted in HEK293 Cells. LTCC α 1C subunit is a 2,171-residue protein containing four homologous domains each with six transmembrane segments and cytoplasmic N and C termini (19) (Fig.  1C) . The homologous domains are joined by long intracellular loops. We split α 1C cDNA at the II-III loop and cloned the splitintein fragments of N. punctiforme DnaE intein into the C and N render LTCCs relatively insensitive to DHP blockers (DHP-) (22, 23) (Fig. 2A) . When coexpressed in cells, we predicted CFP [I-II] N-intein and C-intein [III-IV] YFP would interact to form a spliced α 1C intermediate in which the split N. punctiforme DnaE inteins associate to form an active intein. The active intein would then use a self-catalyzed reaction to splice the two channel halves together while excising itself out ( Fig. 2A) . Typically, three intein residues-cysteine, phenylalanine, and asparagine-are left behind in the spliced product. Taking advantage of an endogenous asparagine residue at the split site, we designed constructs so that the splicing reaction leaves behind only two foreign residues, cysteine and phenylalanine (Fig. S1) .
We first used Western blotting to determine whether coexpression of split-intein-tagged α 1C moieties in HEK293 cells resulted in a reconstituted full-length protein as conceptualized in Fig. 2A . In cells expressing either CFP [I-II] N-intein or C-intein [III-IV] YFP alone, respectively, anti-GFP (which recognizes both CFP and YFP) Western blots revealed bands corresponding to the two half proteins (Fig. 2B, lanes 2 and 3) . In cells coexpressing CFP [I-II] N-intein and C-intein [III-IV] YFP , we detected a higher molecular weight band at the expected size of the spliced WT α 1C channel product (Fig. 2B, lane 4 (Fig. 2B, lanes 4 and 5) . The high efficiency of the transsplicing reaction is likely aided by the fact that the I-II and III-IV domains of Ca V channels have a natural affinity for each other and interact when coexpressed (24) (25) (26) . By titrating the relative amount of CFP [I-II] N-intein to C-intein [III-IV] YFP cDNA transfected, it was possible to approach a balanced level of expression where both fragments were essentially used up in the splicing reaction (Fig. 2C) .
We next determined whether intein-spliced α 655 signal. *P = 0.0000427 compared with -β using two-tailed unpaired t test. n = 5, 50,000 cells per experiment.
for effective targeting to the cell surface (27, 28) (Fig. 2F) . To selectively label surface channels, nonpermeabilized HEK293 cells coexpressing CFP [I-II] N-intein + C-intein [III-IV] YFP ± β 2a were sequentially labeled with biotinylated α-bungarotoxin (BTX) and streptavidin-conjugated fluorescent quantum dots (QD 655 ). Channel surface expression was analyzed by confocal imaging (Fig. 2D ) and flow cytometry (Fig. 2E) . Quantification of fluorescence intensity signals indicated Ca V β increased surface expression of inteinspliced α 1C eightfold, similar to the magnitude of response seen with WT α 1C (Fig. 2F) .
We next compared functional characteristics of currents reconstituted with intein-spliced α 1C subunits to those obtained with their full-length WT counterparts. LTCCs reconstituted with WT α 1C + β 2a generated robust whole-cell currents (Fig. 3A) that activated at a threshold potential of -30 mV and peaked at 0 mV (Fig. 3B) . Moreover, WT channels were strongly and rapidly inhibited by 1 μM nifedipine, with complete loss of current observed for 5 μM and 10 μM nifedipine (Fig. 3 A-C (Fig. 3 D-F and Table S1 ). By contrast, intein-spliced DHP-resistant α 1C channels displayed currents that were relatively insensitive to nifedipine ( Fig. 3 G-I (Fig. S2 ). This contrasts with previous reports that expressing the I-II domain of Ca V 1.1 (α 1S ) in skeletal myotubes results in measurable gating charge (24, 25) . The difference could be due to either the distinct Ca V 1 isoforms or cell types involved. Having validated the split-intein strategy in HEK293 cells, we next used this method to express LTCCs in adult cardiomyocytes. We chose adenoviral vectors because they readily infect adult cardiac myocytes and have a relatively fast onset of protein expression (<24 h). This is important because adult cardiac myocytes begin to dedifferentiate after 3-4 d in culture (2) . We were unable to generate adenoviruses incorporating full-length α 1C , a common finding for many investigators in the field, that is attributable to the large insert size of α 1C and regulatory elements (∼7.2 kb) being at the packaging capacity limit of adenoviral vectors. By contrast, both intein-tagged α 1C moieties were readily packaged into adenoviral vectors (Fig. 4A) (Fig. 4B) . Western blotting confirmed that the split-intein-tagged α 1C moieties were spliced to generate full-length protein in adult cardiomyocytes. Whole-cell lysates probed with anti-α 1C antibody detected both endogenous and intein-spliced α 1C (Fig.  4B) . Intein-spliced α 1C was readily distinguishable from endogenous α 1C due to the presence of fluorescent protein tags that endowed them with a higher molecular weight. Intein-spliced α 1C expression level was titratable, with increasing protein expression observed at higher adenoviral doses (Fig. 4B) .
To determine whether intein-spliced α 1C expressed in cardiomyocytes trafficked to the cell surface, we sequentially exposed nonpermeabilized infected cardiomyocytes to biotinylated BTX and streptavidin-conjugated QD 655 (Fig. S3) .
In adult ventricular myocytes, the close proximity of LTCCs and RyR2s at dyadic junctions can be demonstrated using immunofluorescence analyses showing a high degree of colocalization between endogenous α 1C and RyR2 (Fig. 4D ), in agreement with previous reports (5) . To determine whether intein-spliced α 1C was properly targeted to dyads we performed coimmunofluorescence experiments using anti-GFP and anti-RyR antibodies (Fig. 4D) . Much of the anti-GFP staining was observed in regularly spaced transverse patterns that occurred with a periodicity of 1.8 μm, consistent with the staining pattern of t tubules in cardiomyocytes (Fig. 4D) . Most importantly, quantitative analyses indicated intein-spliced α 1C colocalized with RyR2s to the same extent as endogenous channels, as demonstrated by similar Pearson's correlation coefficient values (Fig. 4E) . Similar values were obtained by quantifying this colocalization independently using Li's intensity correlation coefficient (29) (Fig. S4) .
Beyond localization at dyads, a subset of LTCCs in ventricular myocytes associate with caveolin-3 and target to caveolae (7, 30) . Consistent with this, endogenous LTCCs exhibit significant colocalization with caveolin-3 in adult cardiomyocytes (Fig. S4) . It is unknown whether α 1C subunits that are targeted to dyads are molecularly distinct from those associated with caveolin-3. One possible mechanism for differential LTCC targeting in cardiomyocytes could be alternative splicing of α 1C . We discovered that intein-spliced α 1C also colocalizes with endogenous caveolin-3 in cardiomyocytes (Fig. S4) , indicating molecularly identical α 1C subunits can target to both dyads and caveolae.
Overall, these results show that intein-tagged α 1C halves expressed in cardiomyocytes are efficiently spliced together to generate an intact α 1C that traffics to dyads and associates with caveolin-3 similar to the endogenous protein. Because no Ca V β was coexpressed in these experiments, the results suggest intein-spliced α 1C associates with endogenous Ca V β to traffic to the cell surface. (Fig. 5 A-C) . One possible explanation for this result is that endogenous Ca V β subunits are rate-limiting for LTCC functional expression in heart. This interpretation would be consistent with prior observations that overexpressing Ca V βs alone in heart causes a several-fold increase in LTCC current density (11, 31 ). An alternate possibility was that the inteinspliced α 1C subunits were not functional despite making it to the cell surface (Fig. 4) . To distinguish between the two possibilities we recorded currents in cardiomyocytes expressing either inteinspliced WT or DHP-resistant α 1C in the presence of 10 μM nifedipine (Fig. 5D ). Under these conditions, cardiomyocytes expressing intein-spliced DHP-α 1C subunits expressed currents that were on average threefold larger than those expressing spliced WT α 1C , demonstrating that the expressed channels are functional ( Fig. 5 D and E (Fig. S5) . The bicistronic strategy can be used to overcome potential concerns that directly fusing fluorescent proteins to the α 1C fragments could disrupt aspects of their functions in some unanticipated way. Because DHP block of Ca V 1.2 is known to be voltage-and state-dependent, we examined whether we could achieve greater nifedipine separation of WT and DHPresistant α 1C by using a -50 mV holding potential and 2 mM Ca 2+ as charge carrier (Fig. S6 ). Under these conditions, WT Ca V 1.2 currents elicited by a ramp protocol were deeply inhibited by 10 μM nifedipine, whereas myocytes expressing intein-spliced DHPresistant α 1C displayed a sevenfold larger remnant current (Fig. S6) .
To determine the functional competence of intein-spliced α 1C to trigger CICR at dyads, we measured rhod-2-reported Ca 2+ transients using line scan confocal microscopy (Fig. 6) . Control uninfected cells responded to 1 Hz field stimulation with robust basal Ca 2+ transients that were inhibited by 1 μM nifedipine ( Fig.  6 A and D) . In myocytes expressing either intein-spliced WT (Fig. 6B ) or DHP- (Fig. 6C) α 1C , basal Ca 2+ transients were marginally larger than observed in uninfected controls, consistent with a modest increase in the number of surface LTCCs (Fig. 6D) . Ca 2+ transients in cardiomyocytes expressing intein-spliced WT α 1C were inhibited by 1 μM nifedipine (90% inhibition), with most cells unresponsive to field stimulation ( Fig. 6 B and D) . By contrast, cardiomyocytes expressing spliced DHP-resistant α 1C were only modestly inhibited by 1 μM nifedipine (20% inhibition) and virtually all cells remained responsive to field stimulation. Exposure of cardiomyocytes expressing spliced WT α 1C to 5 μM nifedipine completely eliminated Ca 2+ transients in response to field stimulation in eight out of eight cells (Fig. 6E ), whereas six out of nine cells expressing spliced DHP-resistant α 1C remained responsive at this higher DHP concentration (Fig. 6F) . With the ability to completely isolate intein-spliced DHPresistant α 1C -stimulated Ca 2+ transients with 5 μM nifedipine, we examined whether this channel was permissive for sympathetic up-regulation of EC coupling under these experimental conditions. Exposure of cardiomyocytes expressing spliced DHP-resistant α 1C to 5 μM nifedipine + 1 μM isoproterenol resulted in Ca 2+ transients with an elevated peak compared with those obtained with 5 μM nifedipine alone (Fig. 6G) . The sympathetic elevation of Ca 2+ transients under these conditions is likely due to a combination of PKA-dependent phosphorylation of Ca V 1.2, RYR2, and phospholamban (32).
Discussion
We have developed a unique method to readily manipulate tagged α 1C expression in isolated adult cardiomyocytes. The unique technology offers clear advantages over using heterologous expression systems to study the functional properties of cardiac LTCCs. Heterologous cells lack the unique cytoarchitecture of adult cardiomyocytes. Consequently, questions such as the mechanisms underlying differential LTCC targeting to dyads and caveolae, or their putative role in pathological cardiac hypertrophy, cannot be studied in noncardiomyocytes. It has also proven difficult to determine the mechanism of PKA-induced enhancement of LTCCs from heterologous expression experiments. Based on studies in HEK293 cells, it was suggested that phosphorylation of Ser1928 in α 1C and Ser478/Ser479 in β 2a was critical for PKA regulation of LTCCs (33, 34) . However, the putative role of these phosphorylation sites in PKA regulation of LTCC was ruled out using α 1C [Ser1928Ala] mutant channels and truncated-β 2 knock-in mice (35, 36), as well as experiments in isolated adult cardiomyocytes (11, 37) . More recent data using HEK293 point to an essential role for phosphorylation of Ser1700 and Thr1704 in PKA regulation of LTCCs (38). The importance of these residues has not been directly confirmed in cardiac myocytes. Overall, these discrepancies emphasize the importance of addressing questions pertaining to LTCC trafficking and functional regulation in the context of actual heart cells. A caveat is that the isoproterenol-induced increase in peak evoked Ca 2+ release we measured was relatively modest and likely also includes contributions by PKA regulation of RYR and phospholamban. In part, the relatively modest response may be attributable to the use of rat cardiomyocytes in which PKA modulation of Ca V 1.2 is much less robust than in other species such as guinea pig (11) . We are currently working to establish conditions for strong PKA modulation of spliced DHP-insensitive α 1C in guinea pig cardiomyocytes.
Knock-in mouse models are the gold standard for defining structure-function mechanisms of proteins in heart. The approach of manipulating α 1C expression with adenoviral vectors in isolated adult cardiomyocytes offers several advantages over knock-in mouse models. First, knock-in mice are costly and take up to 2 y to generate, making their routine use for in-depth structure-function studies requiring many different constructs impractical. By comparison, split-intein adenoviruses are more cost and time effective. Second, certain questions cannot be pursued in knock-in mice due to lethality of the knocked in gene. For example, knock-in mice featuring C-terminal truncations of α 1C unexpectedly display a marked decrease in L-type calcium current and die shortly after birth due to heart failure (39, 40). This precludes the use of knock-in mice to pursue relevant questions regarding the role of α 1C C terminus in LTCC trafficking and functional regulation in adult cardiomyocytes. Third, the adenoviral infection approach permits questions to be easily addressed in different species. This is important because the functional properties of murine cardiomyocytes differ in several critical ways from those of human, such as the action potential duration being considerably shorter in mice (41). There have been scattered reports of successful expression of LTCC α 1C subunits in adult cardiomyocytes (37, 42, 43). Previously, by additionally deleting the fiber gene from the standard adenoviral vector backbone (E1 and E3 deleted) and generating a complementing stable cell line, we were able to generate adenovirus containing full-length α 1C (37, 42). However, this system proved unstable and further attempts to generate new adenoviruses were unsuccessful. There has been one report using lentivirus to express α 1C subunits in adult rat cardiomyocytes (44). We generated lentiviruses expressing GFP-tagged α 1C truncated in the C terminus at residue 1905, which transduced HEK293 cells efficiently, expressing α 1C [1905] -GFP within 48 h. However, in our hands, the transduction efficiency of adult cardiomyocytes was low, and required several days for transgene expression, a problematic feature given the short half-life of rod-shaped cardiomyocytes in culture. Recently, a biolistic transfection method was adapted to express α 1C in adult rat ventricular myocytes (41). Compared with our approach, the biolistic method suffers from high toxicity (∼10% viable cells) and relatively low transfection efficiency (∼30% of surviving cells express transgene) (45).
Our unique application of split-intein technology engineers functional expression of a large protein with high efficiency in adult heart cells. Beyond LTCCs there are many other large cardiac proteins (e.g., voltage-gated sodium channel, ankyrin, spectrin, myosin, ryanodine receptor, and titin) whose structurefunction properties, trafficking, and functional modulation in heart are of major interest, but currently only accessible using knock-in mice. The split-intein approach can be extended to explore the functional properties of many other large proteins in cardiomyocytes. Overall, the split-intein method expands the toolkit available, which includes high-capacity HSV-1 amplicon vectors (46), for manipulating expression of large genes in primary cardiac myocytes.
Materials and Methods
Generation of Plasmid and Adenoviral Vectors. GenBank IDs of cDNAs used are provided in Table S2 . Detailed cloning strategies to generate expression plasmids are provided in SI Materials and Methods. PCR primer sequences used for cloning are provided in Table S3 . Replication-deficient adenoviruses were generated using the Clontech Adeno-X System 3. Viral expansion and purification was carried out as described (31) .
Cell Culture and Transfection/Infection. HEK293 cells cultured on 60 mm dishes were transfected with the appropriate cDNA (6 μg each) and T-antigen (1 μg) using calcium phosphate precipitation. Adult rat cardiomyocytes were prepared as described (31, 47) and cultured in medium supplemented with 0.5 μM cytochalasin D to preserve cell morphology (48). Cells were infected with 5-15 μL of viral stock in a final volume of 1-2 mL.
Quantum Dot Detection of Cell Surface BBS-Tagged LTCCs. Surface LTCCs in HEK293 cells or cardiomyocytes were labeled with quantum-dots as described (21) , and assayed by flow cytometry using a BD LSR II Cell Analyzer (BD Biosciences). Flow cytometry data were analyzed using FloJo Software (21) .
Intracellular Calcium Transient Measurements. Primary myocytes in culture were loaded with the calcium-sensing dye rhod2-AM. Evoked intracellular calcium transients were measured as described in SI Materials and Methods.
Image Processing and Analysis. Confocal images were analyzed using ImageJ software and background subtracted. Colocalization of CFP/YFP, α 1C /RyR, and α 1C /caveolin-3 was carried out using the ImageJ JaCoP plugin. Colocalization in two channels was quantified using Pearson's and Li's colocalization coefficient algorithms in JaCoP (29) .
Electrophysiology. Whole-cell recordings were conducted on HEK293 cells 48 h posttransfection using an EPC-8 patch clamp amplifier (HEKA Electronics) controlled by PULSE software as previously described (21, 28) . Whole-cell recordings of rat ventricular myocytes were performed as described previously (31) .
Analysis and Statistics. Data were plotted and statistical analyses performed in Origin software using built-in functions. Significant differences between means (P < 0.05, P < 0.01) were determined using Student t test for comparison between two groups, or one-way ANOVA followed by Bonferroni post hoc analyses for comparisons involving more than two groups. Data are represented as means ± SEM.
ACKNOWLEDGMENTS. We thank Prof. Tom W. Muir (Princeton University) for the generous gift of the plasmids containing N. punctiforme DnaE splitintein cDNA and Ming Chen for technical support. This work was supported by Grant R01 HL 069911 from the National Institutes of Health (to H.M.C.). H.M.C. is an Established Investigator of the American Heart Association. Generation of adenoviruses. HEK cells cultured in 60 mm diameter dishes at 70-80% confluency were transfected with PacI-digested linearized adenoviral DNA. Transfected plates were monitored for cytopathic effects (CPEs) and adenoviral plaques. Cells were harvested and subjected to three consecutive freeze-thaw cycles, followed by centrifugation (3,900 × g) to remove cellular debris. The supernatant (2 mL) was used to infect a 10 cm dish of 90% confluent HEK293 cells. Following observation of CPEs after 2-3 d, cell supernatants were used to reinfect a new plate of HEK293 cells. Viral expansion and purification was carried out as previously described (4). Briefly, confluent HEK293 cells grown on 15 cm culture dishes were infected with viral supernatant (1 mL) obtained as described above. We used 8-10 plates per preparation. After 48 h, cells from all of the plates were harvested, pelleted by centrifugation, and resuspended in 8 mL of buffer containing (in mM) Tris·HCl 20, CaCl 2 1, and MgCl 2 1 (pH 8.0). Cells were lysed by four consecutive freeze-thaw cycles and cellular debris pelleted by centrifugation. The virus-laden supernatant was purified on a cesium chloride (CsCl) discontinuous gradient by layering three densities of CsCl (1.25, 1.33, and 1.45 g/mL). After centrifugation (50,000 rpm; SW41Ti Rotor, Beckman-Coulter Optima L-100K ultracentrifuge; 1 h, 4°C), a band of virus at the interface between the 1.33 and 1.45 g/mL layers was removed and dialyzed against PBS (12 h, 4°C).
Transfection of HEK293 Cells Using Calcium Phosphate-DNA Precipitation.
Briefly, plasmid DNA was mixed with 62 μL of 2.5M CaCl 2 and sterile deionized water (to a final volume of 500 μL). The mixture was added dropwise, with constant tapping to 500 μL of 2× Hepes buffered saline (HBS) (in mM: Hepes 50, NaCl 280, Na 2 HPO4 1.5, pH 7.09). The resulting DNA-calcium phosphate mixture was allowed to sit for 20 min, followed by dropwise addition to confluent HEK cells. Cells were washed with serum-free DMEM after 8 h and maintained in supplemented DMEM.
Culture of Primary Adult Rat Ventricular Myocytes. Primary cultures of adult rat heart ventricular cells were prepared as previously described (4, 5) . Adult male Sprague-Dawley rats were killed with an overdose of halothane in accordance with the guidelines of Columbia University Animal Care and Use Committee. Hearts were excised and ventricular myocytes isolated by enzymatic digestion with 1.7 mg Liberase-TM enzyme mix (Roche) using a Langendorff perfusion apparatus. Healthy rod-shaped myocytes were cultured in Medium 199 (Life Technologies) supplemented with (in mM) carnitine (5), creatine (5), taurine (5) penicillin-streptomycin-glutamine (0.5%, Life technologies), and 5% (vol/vol) FBS (Life Technologies) to promote attachment to dishes. After 5 h, the culture medium was switched to Medium 199 with 1% (vol/vol) serum, but otherwise supplemented as described above. Cultures were maintained in humidified incubators at 37°C and 5% CO 2 .
Quantum Dot Labeling of Cell Surface BBS-tagged L-Type Calcium
Channels. Transfected HEK293 cells or fixed cardiomyocytes were used for this assay. At 48 h posttransfection or postinfection, cells on 35 mm MatTek dishes (MatTek Corporation) were gently washed with PBS with Ca 2+ and Mg 2+ (in mM: 0.9 CaCl 2 , 0.49 MgCl 2 , pH 7.4) and then incubated for 30 min in blocking medium [DMEM with 3% (wt/vol) BSA]. Cells were then incubated with 1 μM biotinylated α-bungarotoxin (BTX; Life Technologies) in DMEM/3% BSA at room temperature (RT) for 1 h followed by washing twice with DMEM/3% BSA to remove unbound biotinylated BTX. Cells were then incubated with 10 nM streptavidin-conjugated quantum dot (QD) 655 (Life Technologies) for 1 h at 4°C in the dark.
Immunofluorescence Staining. Primary cultured myocytes infected with viruses encoding appropriate constructs were used in this assay. At 48 h postinfection, myocytes were fixed with a 4% (wt/ vol) solution of paraformadehyde in PBS for 20 min at RT. Cells were washed twice with PBS for 10 min each, followed by incubation in PBS with 0.1 M glycine (10 min, RT) to block free aldehyde groups. Fixed cells were permeabilized using PBS supplemented with 0.2% Triton X-100 (20 min). Nonspecific binding was blocked by incubation of the cells in PBS with 0.1% Triton, 3% (vol/vol) normal goat serum (NGS), and 1% (wt/vol) BSA (1 h, RT). Cells were subsequently incubated with primary antibodies in PBS with 0.1% Triton, 1% NGS, and 1% BSA (4 h, RT). Cells were washed three times for 10 min each with PBS with 0.1% Triton followed by staining with fluorescent secondary antibodies (1 h, RT). Antibody dilutions were prepared in PBS with 0.1% Triton, 1% NGS, and 1%BSA. The cells were then washed with PBS/0.1% Triton. Cells were imaged immediately in the same buffer.
Confocal Laser Scanning Microscopy: Laser Lines and Detector Settings.
The following laser lines and detector settings were used: CFP, 405 nm diode laser, 465-502 nm detection; Alexa 488, 488 nm Ar ion, 500-540 nm detection; YFP, 514nm Ar ion, 520-560 nm detection; Alexa 555, 543 nm HeNe, 550-600 nm detection; and QD 655 , 405 nm diode laser, 620-700 nm detection. Laser power was set at 30% and detector gain at 550-700 V to reduce noise and prevent saturation of image pixels. Pinhole size was set at 1 Airy unit.
Intracellular Calcium Transient Measurements. Primary myocytes in culture were loaded with rhod2-AM (5 μM with 0.05% Pluronic F127 detergent) in Tyrode solution (containing in mM: NaCl 138, KCl 4, CaCl2 2, MgCl2 1, NaH 2 PO 4 0.33, and Hepes 10) for 20 min at RT. Cells were then washed and maintained in Tyrode. The Leica SP2 microscope equipped with a 63×, oil immersion, N.A. 1.4 objective was used for confocal linescan imaging. The electronic zoom was adjusted to fit the cells, and the scan field was rotated to be along the long axis of the cells. Static brightfield and fluorescent images were taken before measuring intracellular Ca 2+ release. Rhod-2 was excited at 543 nm and emission detected between 550-600 nm. Cells were paced at 1 Hz using a Myopacer EP (Ion Optix). Confocal linescan frequency was set at 400 Hz and cells were scanned for 20 s.
Electrophysiology. Whole-cell recordings were conducted at RT on transfected HEK293 cells 48 h posttransfection using an EPC-8 patch clamp amplifier (HEKA Electronics) controlled by PULSE software (HEKA). Micropipettes were prepared from 1.5 mm thin-walled glass (World Precision Instruments) using a P97 microelectrode puller (Sutter Instruments). The internal solution contained (in mM) cesium methanesulfonate (135), cesium chloride (5), EGTA (5), MgCl 2 (1), MgATP (4, added fresh), and Hepes (10, pH 7.4). When filled with internal solution, the resistance of the pipette was typically 1.7-2.5 MΩ. External solution contained (in mM) tetraethylammonium-methanesulfonate (140), BaCl 2 (5), and Hepes (10, pH 7.4). There was no electronic series resistance compensation. Currents were sampled at 25 KHz and filtered at 10 KHz. Traces were acquired at a repetition interval of 6 s. Leak and capacitive currents were subtracted using a P/8 protocol.
For whole-cell recordings of cultured rat ventricular myocytes, microelectrodes typically had a resistance of 1-2 MΩ when filled with an internal solution containing (in mM) cesium-methanesulfonate (150), EGTA (10), CsCl (5), MgCl 2 (1), MgATP (4, added fresh), and Hepes (10). For formation of gigaohm seals and initial break-in to the whole-cell configuration, cells were perfused with normal tyrode solution containing (in mM) NaCl (138), KCl (4), CaCl 2 (2), MgCl 2 (1), NaH 2 PO4 (0.33), and Hepes (10, pH 7.4). Following successful break-in, the perfusing medium was switched to an external recording solution containing (mM) N-methy-D-glucamine-aspartate (155), 4-aminopyridine (10), MgCl 2 (1), BaCl 2 (5), and Hepes (10, pH 7.4 adjusted with N-methyl-D-glucamine). Signals were filtered at 2 KHz and sampled at 25 KHz. Data traces were acquired at a repetition interval of 45 s. Leak and capacitive currents were subtracted using a P/8 protocol.
Western Blotting. HEK293 cells and adult rat ventricular myocytes were harvested in lysis buffer containing (in mM) Tris (20, pH 7.4), EDTA (1), NaCl (150), 1% (wt/vol) SDS, 0.1% Triton X-100, and supplemented with protease inhibitor mixture (10 μL/ mL, Sigma-Aldrich). Cells were lysed with three pulses of sonication for 10 s each. Total protein concentration in cell lysates was determined using the bis-cinchonic acid protein estimation kit (Pierce Technologies). Lysates were boiled (95°C, 10 min) after addition of sample buffer [50 mM Tris, 10% (vol/vol) glycerol, 2% SDS, 100 mM DTT, and 0.2 mg/mL bromophenol blue]. Proteins were resolved on a 4-12% Bis·Tris gradient precast gel (Life Technologies) in Mops-SDS running buffer (Life Technologies) at 200 V constant for 1 h. We loaded 15 μL of the Precision Plus All Blue molecular weight standard (10-250 kDa, BioRad) alongside the samples. Protein bands were transferred by tank transfer onto a nitrocellulose membrane (2.5 h, 4°C, 30 V constant) in transfer buffer (25 mM Tris pH 8.3, 192 mM glycine, 15% (vol/vol) methanol, and 0.1% SDS). The membranes were blocked with a solution of 5% nonfat milk (BioRad) in trisbuffered saline-tween (TBS-T) (25 mM Tris pH 7.4, 150 mM NaCl, and 0.1% Tween-20) for 1 h at RT and then incubated overnight at 4°C with primary antibodies in blocking solution. The blots were washed with TBS-T three times for 10 min each and then incubated with secondary horseradish peroxidase-conjugated antibody for 1 h at RT. After washing in TBS-T, the blots were developed with a chemiluminiscent detection kit (Pierce Technologies) and then visualized on a gel imager. Fig. 4D ) and α 1C /caveolin (shown here in A and B) as measured through Li's intensity correlation coefficient using the JaCoP plugin on the same images analyzed in Fig.4 D and E and Fig. S3 A and B) . Similar results to that obtained through Pearson's correlation corroborate strong colocalization between α 1C /RyR and α 1C /caveolin-3 in both uninfected (control) and adenovirally infected (expressing intein-spliced α 1C ) myocytes. *P1.2E-10 through unpaired t test. 
Voltage (mV)
Current (pA/pF) Fig. S6 . Nifedipine-based separation of WT and DHP-resistant α 1C in cardiac myocytes expressing intein-spliced α 1C by using a -50 mV holding potential and 2 mM Ca 2+ as charge carrier. Under these conditions, WT Ca V 1.2 whole-cell currents elicited by a ramp protocol were deeply inhibited by 10 μM nifedipine (black trace, n = 4), whereas myocytes expressing intein-spliced DHP-resistant α 1C (red trace, n = 3) displayed a sevenfold larger remnant current. 
where I is the whole-cell current density (pA/pF), G is the specific conductance (pA pF-1 mV-1), V rev is the reversal potential (mV), V 0.5 is the voltage of half-maximal activation (mV), and k is a slope factor (mV). The conservation of sleep across all animal species suggests that sleep serves a vital function. We here report that sleep has a critical function in ensuring metabolic homeostasis. Using real-time assessments of tetramethylammonium diffusion and two-photon imaging in live mice, we show that natural sleep or anesthesia are associated with a 60% increase in the interstitial space, resulting in a striking increase in convective exchange of cerebrospinal fluid with interstitial fluid. In turn, convective fluxes of interstitial fluid increased the rate of b-amyloid clearance during sleep. Thus, the restorative function of sleep may be a consequence of the enhanced removal of potentially neurotoxic waste products that accumulate in the awake central nervous system. D espite decades of effort, one of the greatest mysteries in biology is why sleep is restorative and, conversely, why lack of sleep impairs brain function (1, 2). Sleep deprivation reduces learning, impairs performance in cognitive tests, prolongs reaction time, and is a common cause of seizures (3, 4) . In the most extreme case, continuous sleep deprivation kills rodents and flies within a period of days to weeks (5, 6) . In humans, fatal familial or sporadic insomnia is a progressively worsening state of sleeplessness that leads to dementia and death within months or years (7) .
Proteins linked to neurodegenerative diseases, including b-amyloid (Ab) (8), a-synuclein (9), and tau (10) , are present in the interstitial space surrounding cells of the brain. In peripheral tissue, lymph vessels return excess interstitial proteins to the general circulation for degradation in the liver (11) . Yet despite its high metabolic rate and the fragility of neurons to toxic waste products, the brain lacks a conventional lymphatic system. Instead, cerebrospinal fluid (CSF) recirculates through the brain, interchanging with interstitial fluid (ISF) and removing interstitial proteins, including Ab (12, 13). The convective exchange of CSF and ISF is organized around the cerebral vasculature, with CSF influx around arteries, whereas ISF exits along veins. These pathways were named the glymphatic system on the basis of their dependence on astrocytic aquaporin-4 (AQP4) water channels and the adoption of functions homologous to peripheral lymphatic removal of interstitial metabolic byproducts (14) . Deletion of AQP4 channels reduces clearance of exogenous Ab by 65%, suggesting that convective movement of ISF is a substantial contributor to the removal of interstitial waste products and other products of cellular activity (12) . The interstitial concentration of Ab is higher in awake than in sleeping rodents and humans, possibly indicating that wakefulness is associated with increased Ab production (15, 16) . We tested the alternative hypothesis that Ab clearance is increased during sleep and that the sleep-wake cycle regulates glymphatic clearance.
We used in vivo two-photon imaging to compare CSF influx into the cortex of awake, anesthetized, and sleeping mice. The fluorescent tracers were infused into the subarachnoid CSF via a cannula implanted in the cisterna magna for real-time assessment of CSF tracer movement. Electrocorticography (ECoG) and electromyography (EMG) were recorded in order to continuously monitor the state of brain activity (Fig. 1A and  fig. S1 ). In initial experiments, the volume and rate of tracer infusion were adjusted so as to avoid changes in behavior state or ECoG ( fig. S1 ). Because mice sleep much of the day, a small molecular weight tracer, fluorescein isothiocyanate (FITC)-dextran (3 kD) in aCSF, was infused at midday (12 to 2 p.m.) via the cannula implanted in the cisterna magna. In sleeping mice, a robust influx of the fluorescent CSF tracer was noted along periarterial spaces, in the subpial regions, and in the brain parenchyma similar to previous findings in anesthetized mice (Fig. 1, B and C,  and fig. S2 ) (12) . ECoG power spectrum analysis depicted a relatively high power of slow waves that is consistent with sleep (Fig. 1D) . CSF tracer infusion (Texas red-dextran, 3 kD) was repeated in the same mouse after it was awakened through gentle handling of its tail. Unexpectedly, arousal sharply reduced tracer influx compared with that of the sleeping state. Periarterial and parenchymal tracer influx was reduced by~95% in awake as compared with sleeping mice during the 30-min imaging session (Fig. 1, B and C, and fig. S2 ). ECoG showed a reduction in the relative prevalence of slow (delta) waves concomitant with a significant increase in the power of fast activity, confirming that the animals were awake (n = 6 mice, P < 0.05, paired t test) (Fig. 1D) . To investigate whether the state of brain activity indeed controlled CSF influx, we repeated the experiments in a new cohort of mice in which all experiments were performed when the animals were awake (8 to 10 p.m.). Because mice normally do not sleep at this time of day, we first evaluated CSF tracer influx in the awake state by means of intracisternal infusion of FITC-dextran. CSF tracer influx into the brain was largely absent and only slowly gained access to the superficial cortical layers (Fig. 1, E and F, and fig. S2 ). After 30 min imaging of CSF tracer in the awake state, the animals were anesthetized with intraperitoneal administration of ketamine/xylazine (KX). Texas red-dextran was administered 15 min later, when a stable increase in slow wave activity was noted (Fig. 1, E and F) . Texas red-dextran rapidly flushed in along periarterial spaces and entered the brain parenchyma at a rate comparable with that of naturally sleeping mice (Fig. 1, B and E) . Ketamine/xylazine anesthesia significantly increased influx of CSF tracer in all mice analyzed [n = 6 mice, P < 0.05, two-way analysis of variance (ANOVA) with Bonferroni test], which was concomitant with a significant increase in the power of slow wave activity (n = 6 mice, P < 0.05, paired t test) (Fig. 1, G and F) . Thus, glymphatic CSF influx is sharply suppressed in conscious alert mice as compared with naturally sleeping or anesthetized littermates.
Influx of CSF is in part driven by arterial pulse waves that propel the movement of CSF inward along periarterial spaces (12) . It is unlikely that diurnal fluctuations in arterial pulsation are responsible for the marked suppression of convective CSF fluxes during wakefulness because arterial blood pressure is higher during physical activity. An alternative possibility is that the awake brain state is linked to a reduction in the volume of the interstitial space because a constricted interstitial space would increase resistance to convective fluid movement and suppress CSF influx. To assess the volume and tortuosity of the interstitial space in awake versus sleeping mice, we used the real-time iontophoretic tetramethylammonium (TMA) method in head-fixed mice ( Fig. 2A and fig. S3 ) (17, 18) . TMA recordings in cortex of sleeping mice collected at midday (12 to 2 p.m.) confirmed that the interstitial space volume fraction (a) averaged 23.4 T 1.9% (n = 6 mice) (19) . However, the interstitial volume fraction was only 14.1 T 1.8% in awake mice recorded at 8 to 10 p.m. (n = 4 mice, P < 0.01, t test) (Fig.  2B) . Analysis of cortical ECoG recorded by the TMA reference electrode confirmed that the power of slow wave activity was higher in sleeping than in awake mice, which is concurrent with a lower power of high-frequency activity (Fig. 2C) .
To further validate that the volume of the interstitial space differed in awake versus sleeping mice, we also obtained TMA recordings in awake mice in the late evening (8 to 10 p.m.) and repeated the recordings in the same mice after administration of ketamine/xylazine. This approach, which eliminated interanimal variability in electrode placement and TMA calibration, showed that anesthesia consistently increased the interstitial space volume fraction by >60%, from 13.6 T 1.6% for awake mice to 22.7 T 1.3% in the same mice after they received ketamine/xylazine (n = 10 mice, P < 0.01, paired t test) (Fig. 2D) . Analysis of ECoG activity extracted from the TMA reference electrode showed that ketamine/xylazine increased the power of slow wave activity in all animals analyzed (Fig. 2E) . Thus, the cortical interstitial volume fraction is 13 to 15% in the awake state as compared to 22 to 24% in sleeping or anesthetized mice. Tortuosity of the interstitial space did not differ significantly according to changes in the state of brain activity; awake, sleeping, and anesthetized mice all exhibited a l value in the range of 1.3 to 1.8, which is consistent with earlier reports (n = 4 to 10 mice, P > 0.1, t test) (Fig. 2, B and D) (19) (20) (21) . Recordings obtained 300 mm below the cortical surface did not differ significantly from those obtained at 150 mm, suggesting that preparation of the cranial window was not associated with tissue injury (n = 6 mice, P > 0.4, t test) (Fig. 2D and fig. S3D ). Other reports have shown that the interstitial volume is~19% in anesthetized young mice but declines to~13% in Power spectrum analysis of all the animals analyzed in the two arousal states; n = 6 mice; *P < 0.05, t test.
aged mice (22) . Collectively, these observations support the notion that influx of CSF tracers is suppressed in awake mice as a result of contraction of the interstitial space: The smaller space during wakefulness increases tissue resistance to interstitial fluid flux and inward movement of CSF. This effect of arousal state on interstitial volume likely holds major implications for diffusion of neurotransmitters, such as glutamate (23) . Because previous analysis indicates that as much as 65% of exogenously delivered Ab is cleared by the glymphatic system (12), we tested whether interstitial Ab is cleared most efficiently during sleep. Radiolabeled 125 I-Ab 1-40 was injected intracortically in three groups of animals: freely behaving awake mice, naturally sleeping mice, and animals anesthetized with ketamine/xylazine ( fig. S4 ). Brains were harvested 10 to 240 min later for analysis of 125 I-Ab retention. Ab was cleared twofold faster in the sleeping mice as compared with the awake mice (n = 23 to 29 mice, P < 0.05, ANOVA with Bonferroni test) (Fig. 3, A and B, P < 0.05). Ab clearance did not differ between sleeping and anesthetized mice. Because Ab is also removed from CNS via receptor-mediated transport across the blood-brain barrier (24), we also analyzed the clearance of an inert tracer, 14 Cinulin. 14 C-inulin was cleared more efficiently (greater than twofold) in sleeping and anesthetized mice as compared with awake mice (Fig. 3, C and D) .
What drives the brain state-dependent changes of the interstitial space volume? The observation that anesthesia increases glymphatic influx and efflux (Figs. 1 and 3) , suggests that it is not circadian rhythm but rather the sleep-wake state itself that determines the volume of the interstitial space and therefore the efficiency of glymphatic solute clearance. Arousal is driven by the concerted release of neuromodulators (25) . In particular, locus coeruleus-derived noradrenergic signaling appears critical for driving cortical networks into the awake state of processing (26, 27) . In peripheral tissues, such as kidney and heart, noradrenaline regulates the activity of membrane transporters and channels that control cell volume (28) . We hypothesized that adrenergic signaling in the awake state modifies cell volume and thus the size of the interstitial space. We first assessed whether suppression of adrenergic signaling in the awake conscious brain can enhance glymphatic tracer influx by pretreating awake mice with a cocktail of adrenergic receptor antagonists or vehicle (aCSF) 15 min before infusion of fluorescent CSF tracers (27) . The adrenergic receptor antagonists were administered through a cannula inserted into the cisterna magna, with an initial bolus followed by slow continuous drug infusion. Administration of adrenergic antagonists induced an increase in CSF tracer influx, resulting in rates of CSF tracer influx that were more comparable with influx observed during sleep or anesthesia than in the awake state (Fig. 4, A  and B, and fig. S5 ). We asked whether increases in the level of norepinephrine (NE) resulting from stress during restraining at the microscope stage affected the observations. Microdialysis samples The extracellular space is consistently smaller (a) in awake than in sleeping mice, whereas the tortuosity remained unchanged (l); n = 4 to 6 mice; **P < 0.01, t test. (C) Power spectrum analysis of ECoG recordings; n = 6 mice; *P < 0.05, t test. (D) The extracellular space was consistently smaller in the awake state than after administration of ketamine/xylazine in paired recordings within the same mouse, whereas tortuosity did not change after anesthesia; n = 10 mice; **P < 0.01, t test. (Bottom) TMA measurements obtained during the two arousal states compared for each animal. (E) Power spectrum analysis of ECoG; n = 6 mice; *P < 0.05, t test. of the interstitial fluid showed that the NE concentration did not increase in trained mice during restraining but that NE, as expected, fell after administration of ketamine/xylazine (Fig. 4C) . We next evaluated whether adrenergic receptor inhibition increased interstitial volume in the same manner as sleep and anesthesia. We used the TMA method to quantify the effect of local adrenergic inhibition on the volume of the interstitial space. To restrict adrenergic inhibition to the cortex, receptor antagonists were applied directly to the exposed cortical surface rather than intracisternal delivery. TMA recordings showed that inhibition of adrenergic signaling in cortex increased the interstitial volume fraction from 14.3 T 5.2% to 22.6 T 1.2% (n = 4 to 8 mice, P < 0.01, t test). Interstitial volume was significantly greater than in awake littermates exposed to vehicle (aCSF) (P < 0.01) but comparable with the interstitial volume in sleeping or anesthetized mice (P = 0.77 and P = 0.95, respectively, t test) (Fig. 4D) . Cortical ECoG displayed an increase in the power of slow waves when exposed to adrenergic receptor antagonists (n = 7 mice, P < 0.01, one-way ANOVA with Bonferroni test). In accordance with earlier findings (27) , analysis of the power spectrum showed that inhibition of adrenergic signaling transformed the cortical ECoG of awake mice into a more sleep-like, albeit less regular, profile (Fig. 4E) . These analyses suggest that adrenergic signaling plays an important role in modulating not only cortical neuronal activity but also the volume of the interstitial space. NE triggers rapid changes in neural activity (27, 28) , which in turn can modulate the volume of the interstitial space volume (29) . Nevertheless, additional analysis is clearly required to determine which cell types contribute to expansion of the interstitial space volume during sleep, anesthesia, or blockade of NE receptors (Figs. 2, B to D,  and 4D) .
Because of the high sensitivity of neural cells to their environment, it is essential that waste products of neural metabolism are quickly and efficiently removed from the brain interstitial space. Several degradation products of cellular activity, such as Ab oligomers and amyloid depositions, have adverse effects on synaptic transmission (30) and cytosolic Ca 2+ concentrations (31) and can trigger irreversible neuronal injury (32) . The existence of a homeostatic drive for sleep-including accumulation of a "need to sleep" substance during wakefulness that dissipates during sleep-has been proposed (33) . Because biological activity is inevitably linked to the production of metabolic degradation products, it is possible that sleep subserves the important function of clearing multiple poten- The tracer intensity during the two arousal states at the 30-min time point was compared. **P < 0.01, t test. (C) Comparison of the interstitial concentration of NE in cortex during head-restraining versus unrestrained (before and after), as well as after ketamine/xylazine anesthesia. Microdialysis samples were collected for 1 hour each and analyzed by using high-performance liquid chromatography. **P < 0.01, one-way ANOVA with Bonferroni test. (D) TMA + iontophoretic quantification of the volume of the extracellular space before and after adrenergic inhibition; n = 4 to 8 mice; **P < 0.01, t test. (E) Power spectrum analysis, n = 7 mice; **P < 0.01, one-way ANOVA with Bonferroni test.
tially toxic CNS waste products. Our analysis indicates that the cortical interstitial space increases by more than 60% during sleep, resulting in efficient convective clearance of Ab and other compounds (Figs. 2 and 3) . The purpose of sleep has been the subject of numerous theories since the time of the ancient Greek philosophers (34) . An extension of the findings reported here is that the restorative function of sleep may be due to the switching of the brain into a functional state that facilitates the clearance of degradation products of neural activity that accumulate during wakefulness.
Reading Literary Fiction Improves Theory of Mind
David Comer Kidd* and Emanuele Castano* Understanding others' mental states is a crucial skill that enables the complex social relationships that characterize human societies. Yet little research has investigated what fosters this skill, which is known as Theory of Mind (ToM), in adults. We present five experiments showing that reading literary fiction led to better performance on tests of affective ToM (experiments 1 to 5) and cognitive ToM (experiments 4 and 5) compared with reading nonfiction (experiments 1), popular fiction (experiments 2 to 5), or nothing at all (experiments 2 and 5). Specifically, these results show that reading literary fiction temporarily enhances ToM. More broadly, they suggest that ToM may be influenced by engagement with works of art.
T he capacity to identify and understand others' subjective states is one of the most stunning products of human evolution. It allows successful navigation of complex social relationships and helps to support the empathic responses that maintain them (1) (2) (3) (4) (5) . Deficits in this set of abilities, commonly referred to as Theory of Mind (ToM), are associated with psychopathologies marked by interpersonal difficulties (6) (7) (8) . Even when the ability is intact, disengagement of ToM has been linked to the breakdown of positive interpersonal and intergroup relationships (9) .
Researchers have distinguished between affective ToM (the ability to detect and understand others' emotions) and cognitive ToM (the inference and representation of others' beliefs and intentions) (7, 8) . The affective component of ToM, in particular, is linked to empathy (positively) and antisocial behavior (negatively) (7, 8) . It is thus not surprising that we foster ToM in our children by having them attend to the emotional states of others: "Do you think he is happy or sad as a consequence of your action?" Such explicit encouragements to understand others usually diminish when children appear to skillfully and empathically engage in interpersonal relationships. Cultural practices, though, may function to promote and refine interpersonal sensitivity throughout our lives. One such practice is reading fiction.
Familiarity with fiction, self-reported empathy, and performance on an advanced affective ToM test have been correlated (10, 11) , and limited experimental evidence suggests that reading fiction increases self-reported empathy (12, 13) . Fiction seems also to expand our knowledge of others' lives, helping us recognize our similarity to them (10, 11, 14) . Although fiction may explicitly convey social values and reduce the strangeness of others, the observed relation between familiarity with fiction and ToM may be due to more subtle characteristics of the text. That is, fiction may change how, not just what, people think about others (10, 11, 14) . We submit that fiction affects ToM processes because it forces us to engage in mind-reading and character construction. Not any kind of fiction achieves that, though. Our proposal is that it is literary fiction that forces the reader to engage in ToM processes.
The category of literary fiction has been contested on the grounds that it is merely a marker of social class, but features of the modern literary novel set it apart from most best-selling thrillers or romances. Miall and Kuiken (15) (16) (17) emphasize that through the systematic use of phonological, grammatical, and semantic stylistic devices, literary fiction defamiliarizes its readers. The capacity of literary fiction to unsettle readers' expectations and challenge their thinking is also reflected in Roland Barthes's (18) distinction between writerly and readerly texts. Although readerly texts-such as most popular genre fiction-are intended to entertain their mostly passive readers, writerly-or literary-texts engage their readers creatively as writers. Similarly, Mikhail Bakhtin (19) defined literary fiction as polyphonic and proposed that readers of literary fiction must contribute their own to a cacophony of voices. The absence of a single authorial perspective prompts readers to enter a vibrant discourse with the author and her characters.
Bruner (20) , like Barthes and Bakhtin, has proposed that literature engages readers in a discourse that forces them to fill in gaps and search "for meanings among a spectrum of possible meanings" (p. 25). Bruner argues that to elicit 
